We present dynamic full-field optical coherence microscope imaging using a scientific complementary metal oxide semiconductor camera in conjunction with a demodulation scheme based on the Riesz transform and monogenic signals. The potential of our approach is verified by a comparison with conventional phase-stepping as well as with an analytic reconstruction method and finally exemplified for dynamic mechanical testing of a polymer/fiber composite structure.
The observation of internal dynamic processes is a crucial task in biomedicine as well as for material sciences, with optical coherence tomography (OCT) and optical coherence microscopy (OCM) being promising noninvasive and nondestructive imaging methods [1, 2] . Currently, the developments toward high-speed imaging are mostly reported for Fourier domain (FD)-OCT where routinely a whole three-dimensional (3D) volume is raster scanned [1] . However, if dynamic processes have to be studied at a defined depth position below the surface, full-field (FF)-OCT and FF-OCM exhibit advantageous features: the full image content is taken at once with a high lateral resolution usually using twodimensional (2D) CCD detectors [3] or-for high speed FF-OCM imaging-complementary metal oxide semiconductor (CMOS) cameras [4, 5] . Besides a fast optical acquisition setup, an appropriate demodulation scheme has to be also applied for dynamic imaging. In the case of the acquisition of static scenes, phase stepping is conventionally used to obtain the demodulated amplitude and phase images, with several phase-shifted frames being recorded. However, for the observation of dynamic changes the imaging speed has to keep up with the speed of the dynamical processes to avoid demodulation artifacts. Thus, single shot/two channel or dual shot approaches have been taken into account, with, e.g., demodulation schemes based on a 2D quaternionic analytic signal [6] , however, exhibiting a certain degree of directionality. Therefore, we now consider a demodulation scheme using the isotropic properties of the Riesz transform (RT) for dynamic FF-OCM imaging with a CMOS sensor, with a special focus on the optical characterization of technical materials like composite structures [7] .
For the current study a FF-OCM setup, which has been realized as a Mach-Zehnder interferometer for applying modulating/filtering optical elements [8] , was equipped with a 5.5 megapixel scientific CMOS (sCMOS) system (ANDOR Neo, 16 Bit) exhibiting excellent linear response (≥99%) and wide dynamic range (30.000∶1), as well as high frame rates (e.g. 100 Hz at full frame). The performance of the sCMOS detector was at first evaluated in a standard FF-OCM setup with Michelson/ Linnik configuration [3] , with a theoretically achievable sensitivity of −67 dB (without binning) and −79 dB (with 4 × 4 binning, for a reasonable number of pixel/image) for a full-well pixel capacity of 30.000 e − and resulting in experimental sensitivity values of −61 dB and −70 dB, respectively. Further improvement of the sensitivity is now at hand by higher binning (up to 8 × 8 for the current camera) or by image accumulation. Finally, as light sources for the setup, a superluminescence diode (Superlum, center wavelength λ 0 840 nm, spectral FWHM Δλ 45 nm, axial resolution Δz 6.9 μm in air) as well as a microchip laser-based super continuum (SC) source (Leukos, λ 0 800 nm, Δλ 210 nm, Δz 1.4 μm) are available.
The usual approach for the demodulation of interference images is influenced by the (single orthant) definition of the analytic signal [9] , which exhibits a degree of directionality in the response due to the underlying orthogonal coordinate system. For the 2D quaternionic analytic signal, the amplitude modulation is determined as
with f H1 x; y, f H2 x; y, and f HT x; y denoting the corresponding partial and total Hilbert transforms (HT) applied on the background corrected frame f x; y. Similar as in fringe pattern analysis for classical interferometry, we apply for the first time for FF-OCM demodulation an alternative definition of the generalized analytic signal based on the (complex) RT, which is also denoted as phase quadrature transform [10] [11] [12] . As the RT is rotation invariant this approach acts in an isotropic way and refers to a radial symmetric definition of the analytic signal introduced as monogenic signal f M x; y by [10] :
f M x; y f x; y; f R1 x; y; f R2 x; y
with its components
r being the radial distance, θ the polar angle in spatial domain, and ⊗ denoting the convolution. According to the convolution theorem, this computation can elegantly be realized in the FD as a multiplication with the corresponding kernel expiθ whereθ represents the polar angle in FD. The amplitude A R x; y and phase ϕ R x; y can now be determined by [13] :
Additionally, we can further obtain the orientation β R x; y:
The consequences applying a demodulation scheme based on the monogenic signal, with no directions preferred, are exemplified in Fig. 1 by using simulated 2D amplitude and frequency modulated (AM-FM) signals as a model for FF-OCM raw data and with the underlying ground truth for the amplitude map shown in Fig. 1(a) . For interference patterns containing only linear oriented fringes, depicted in Fig. 1(b) , both approaches, the 2D analytic and the monogenic one, perform in a similar way [ Figs. 1(c) and 1(d) ]. However, if closed and bent fringe structures dominate [ Fig. 1(e) ] the 2D analytic signal reconstruction causes pronounced artifacts [ Fig. 1(f) ], which mainly show up in regions where the fringes are oriented parallel to the direction of the corresponding partial HT, i.e., the condition of local zero mean of the fringe pattern is violated. In contrast, for the Fig. 1(g) ].
Such demodulation artifacts can also be experimentally observed, especially for technical samples that often exhibit well-defined surface and interface structures: in Fig. 2 , a fiber-reinforced polymer specimen is presented, imaged with our FF-OCM. Because of the embedded woven glass-fibers, which support the surrounding epoxy matrix, radial symmetric shaped corrugations are observed leading to rather circular fringe patterns [ Fig. 2(f1) ]. The results of amplitude reconstruction obtained by the three methods [conventional phase stepping with 8 frames, 2D analytic and monogenic] are shown in Figs. 2(a)-2(c) . Similar artifacts as in the simulation can be observed, depicted in detail in Figs. 2(f3) and 2(f4) with darker stripes and blurred features in the conventional 2D analytic method that are rather suppressed in the monogenic case and by taking the result of phase stepping [ Fig. 2(f2) ] as ground truth. Furthermore, in Figs. 2(d) and 2(e), the monogenic phase and orientation map of the fringes are depicted, from which additional information about the shape/deformation of the structure can be extracted.
With respect to dynamic imaging, the performance of our setup and demodulation method was at first tested by observing a moving microbiological specimen (Paramecium) in water, illuminated with the SLD source and using an acquisition frame rate of 100 Hz (i.e., 50 Hz final movie frame rate). In Figs. 3(a) and 3(b) raw interference microscope images are depicted-taken at different times-with the corresponding OCM images displayed in Figs. 3(c) and 3(d) . The arrows mark the specimen, exhibiting a length of approximately 70 μm and moving at a defined depth of 100 μm (5 μm) under the water surface. In Figs. 3(e) and 3(f) an enlarged region of the dashed square from Fig. 3(c) is depicted with (e) 2D analytic (HT based) and (f) monogenic (RT based) algorithms. Also in this case, the superior performance of the monogenic algorithm is evident with a higher contrast and less blurred features potentially arising from scattering vacuoles within the specimen. In the real-time movie of Fig. 3 (Media 1, online) , even wave-like features in front of the Paramecium are discernible that are arising from optical path length variations caused by surface waves.
Real-time observation of dynamic processes on the micrometer-scale, like fracture of composite materials, is crucial for understanding the interplay between sample composition/geometry and mechanical properties [2, 7] , as studied in, e.g., tensile tests. Consequently, we have implemented a tensile testing stage in the FF-OCM setup to directly monitor the fracture of a glass-fiber filled (5% weight) polymer composite material in a depth of 50 μm below the surface with high speed. As a light source the SC source was used to illuminate the sample, which is shown in Fig. 4(a) as a full 3D FF-OCM stack (540 × 300 × 200 μm) prior to the tensile test. In Figs. 4(b)-4(g) , a representative sequence taken from a movie (Media 2, online) is depicted taken during the tensile test, with the test stage being moved with a speed of 10 μm ∕s. The strain rate was chosen in such a way that in between two individual camera frames (100 Hz, 5 ms exposure time) the sample remains quasistationary, i.e., moves less than one pixel, which would otherwise give rise to shadow-like effects. Especially in the movie (shown here not in slow-motion but in realtime, i.e., skipping every second calculated frame) the influence of the fiber structure on the matrix flow in the surrounding of the fracture front can be studied in detail, with tips of individual bent fibers finally detaching and shooting out of the bulk.
Summarizing, we have successfully demonstrated for the first time FF-OCM imaging by using a monogenic demodulation scheme for the raw interference data acquired by a sCMOS camera in order to obtain highresolution information from the interior of scattering samples for nondestructive real-time monitoring of dynamic processes. For future applications we suggest performing a multiresolution monogenic signal analysis, similar to [14] , where the RT is combined with the Laplacian operator, on the interferometric raw data to extract also scale-related features in an enhanced way. 
